ABSTRACT Dipalmitoylphosphatidylcholine (DPPC) vesicles acquire negative surface charge on adsorption of negatively charged pentachlorophenolate (PCP-), and lipophilic ions tetraphenylborate (TPhB-), and dipicrylamine (DPA-). We have obtained (a) c-potential isotherms from the measurements of electrophoretic mobility of DPPC vesicles as a function of concentration of the adsorbing ions at different temperatures (25-42oC), and (b) studied the effect of PCP-on gel-to-fluid phase transition by measuring the temperature dependence of C-potential at different PCP-concentrations. The (-potential isotherms of PCP-at 25, 32, and 340C correspond to adsorption to membrane in its gel phase. At 42°C the 4-potential isotherm corresponds to membrane in its fluid phase. These isotherms are well described by a Langmuir-Stern-Grahame adsorption model proposed by McLaughlin and Harary (1977. Biochemistry. 15:1941-1948. The c-potential isotherm at 370C does not follow the single-phase adsorption model. We have also observed anomalous adsorption isotherms for lipophilic ions TPhB-and DPA-at temperatures as low as 250C. These isotherms demonstrate a gel-to-fluid phase transition driven by ion adsorption to DPPC membrane during which the membrane changes from weakly to a strongly adsorbing state. The anomalous isotherm of PCP-and the temperature dependence of c-potential can be described by a two-phase model based on the combination of (a) Langmuir-Stern-Grahame model for each phase, (b) the coexistence of gel and fluid domains, and (c) depression of gel-to-fluid phase transition temperature by PCP-. Within the anomalous region the magnitude of C-potential rapidly increases with increasing concentration of adsorbing species, which was characterized in terms of a Esin-Markov coefficient. This effect can be exploited in membrane-based devices. Comments are also made on the possible effect of PCP, as an uncoupler, in energy transducing membranes.
INTRODUCTION
It has been recognized that due to nonideal miscibility of lipids and other membrane components, the biological membrane can be regarded as an "archipelago" containing domains of different composition of lipids and proteins with different functions. The domain formation can be initiated by protons, multivalent ions, proteins, and other biologically active compounds (1, 2) . It is to be expected that toxic amphiphilic molecules, such as chlorophenols, may be distributed unevenly between different membrane domains or may alter the segregation state of lipids.
We are interested in effects of chlorinated phenols on lipid bilayer membranes for several reasons: (a) chlorinated phenols, and among them pentachlorophenol (PCP), are highly toxic environmental pollutants (3, 4) . These compounds belong to the class of lipophilic weak acids whose biological effect is the uncoupling of synthesis of ATP from electron transport (3, 5, 6 ). (b) The effect of weak acid uncouplers on membranes is complex (7) . In addition to facilitation of transmembrane proton translocation (8, 9) , the membranes become negatively charged due to the adsorption of ionized acid (7, 10) ; Address correspondence to Dr. Pavel Smejtek. some are known to alter the dipolar potential of the membrane/water interface (11) and change the gel-tofluid phase transition temperature of phosphatidylcholine membranes (12) . (c) Upon adsorption to membranes, physicochemical properties of lipophilic uncouplers, such as the dissociation constant, are altered by the low polarity environment of the adsorption site (13) . More detailed knowledge of adsorption of these compounds to lipid membranes and the associated changes in the physical and biochemical properties are a prerequisite for understanding the action of toxic compounds.
To understand the relationships between the adsorption characteristics, molecular structure of the membrane, and of adsorbing molecules, we have studied the adsorption of PCP-to a simple, single component dipalmitoylphosphatidylcholine (DPPC) membrane using microelectrophoresis (14) . It was shown that t-potentials of DPPC vesicles, in the presence of PCP-, and lipophilic anions tetraphenylborate (TPhB-), and dipicrylamine (DPA-), above and below the gel-to-fluid transition temperature of DPPC membranes can be described by a combination of the Langmuir and GouyChapman-Stern models. The properties of 4-potential isotherms of DPPC membranes, in the presence of PCP-, TPhB-, and DPA-, were found to be consistent with a simple discrete charge model if the adsorption plane of the ions was 0.4-0.6 nm below the carbonyl oxygen layer of DPPC (14) .
Here we describe c-potential isotherms that are anomalous in the sense that they cannot (14) . For uncharged membranes, such as DPPC, the surface charge density of the membrane is determined solely by the adsorbed PCP-or lipophilic ions, arm = -e(A )r. (3) The (-potential is obtained from the surface potential V., the shear plane distance s, and Debye screening distance d, t = V. exp (-sld).
(4)
The Debye screening distance was obtained from the salt and buffer concentrations and the distance of the shear plane, s = 0.255 nm, was determined earlier (14) .
(c) The reduction of the interfacial concentration of the adsorbing species due to the electrostatic repulsion between the membrane charge and the negatively charged adsorbing species within the aqueous interfacial region is 
The above model applies individually to both the gel and fluid states of the membrane. The ability of the model to fit the c-potential isotherms of PCP-modified membranes is demonstrated by the broken curves in Fig. 1 , a-d.
There are two adsorption parameters to characterize adsorption to each membrane phase: the association constant, K, and the membrane surface area of the "adsorption site," P,. In the present study we use the adsorption parameters determined in previous work (14) . These are summarized in Table 1 and are used in conjunction with the following values for the membrane surface areas of lipids: P1, = 0.46 nm2 (17) and P,f = 0.71 nm2 (18) . The curves depicting C-potential isotherms of individual gel and fluid states of DPPC membranes in the presence of PCPW, TPhB-, and DPA-are shown in Figs. 1-4 and were obtained from the above model.
EXPERIMENTAL RESULTS

C-potential isotherms Pentachlorophenol
The dependence of the 4-potential of DPPC vesicles on PCP-concentration at various temperatures is shown in Figs. 1 and 2. We show that for temperatures 25, 32, and 34°C ( Fig. 1 , a-c) the 4-potential isotherms are identical. Because the transition temperature of DPPC is -410C, these isotherms characterize adsorption of PCP-to phosphatidylcholine membrane containing lipids in the ordered, gel state. Above the gel-to-fluid phase transition the adsorption of PCP-is greater, the c-potentials obtained at 420C (Fig. 1 d) are more negative compared to those at lower temperatures. The broken curves illustrate that the c-potential isotherms of DPPC membranes in both the gel and fluid states can be welldescribed in terms of combined Langmuir-SternGrahame model.
In Fig. 2 we present the dependence of c-potential on PCP concentration obtained at 370C. The upper broken curve depicts the c-potential isotherm for the membrane in the gel state, and the lower one for the fluid state as obtained from the one-phase Langmuir-type model. The experimental isotherm is anomalous, at low PCP concentration the data coincide with the isotherm for the gel state and at higher PCP concentrations the data progressively deviate from the gel isotherm and finally merge with the fluid state isotherm. Clearly, the anomalous c-potential isotherm is associated with the PCP-driven isothermal transition of the membrane from the low adsorbing gel state into the strong adsorbing fluid state.
Tetraphenylborate and dipicrylamine Lipophilic ions TPhB-and DPA-exhibit similar effects. TPhB-and DPA-also perturb the gel-to-fluid phase transition, as anomalous C-potential isotherms were Note that the anomalous c-potential isotherms were obtained from electrophoretic mobility measurements not involving any temperature scans. For each data point in Figs. 2-4 the electrophoretic cell was filled with a different solution, preequilibrated at the given temperature for many hours. We therefore assume that within the gel-to-fluid transition region of the anomalous isotherms there is an equilibrium distribution of gel and fluid domains. The domains are schematically depicted in Fig. 6 . Each type of domain has its own specific adsorption characteristics listed in Table 1 .
We show that the anomalous adsorption isotherms can be understood in terms of: (a) a two-phase LangmuirStern-Grahame model, (b) shifts of the gel-to-fluid phase transition temperature induced by the adsorbed ions, and (c) the coexistence of laterally segregated fluid and gel domains with adsorption characteristics of gel and fluid membrane phases. 
The mole fractions of lipids in the gel and fluid domains will be different due to the different adsorption proper- ties of the gel and fluid domains. These are obtained from the adsorption model described above. Two models for the PCP-induced change of the gel-to-fluid phase transition temperature were considered. Model-1 was based on a simple ideal solution theory in which Uf = Ug = 0 and the change of the transition temperature was solely determined by the changes in the mole fractions of the lipids due to the PCP-present in the membrane. In model 2 we consider Uf# Ug O0.
For model 1 we obtain RTOT AT= In (XIX,).
AHO
It follows that as a result of greater degree of adsorption of PCP-to the fluid phase rather than to the gel phase (see Fig. 1, a-d) , the ratio XWXgI is less than one. Consequently AT is negative, in agreement with the experimental results (see Fig. 5 ).
The changes in phase transition temperature determined from the c-potential studies are shown in Fig. 7 . It turned out that the shifts of the transition temperature predicted from Eq. 13 and the adsorption model, for adsorption parameters fitting the (-potential isotherms in Fig. 1, a- (24) indicate that the applicability of the ideal solution theory may strongly depend on the molecular structure of the membrane perturbing species. To make a conclusive judgement on the applicability of model 1, i.e., Eq. 13, to the observed changes of phase transition temperature induced by PCP-, one would also need to validate the assumption of the independence of the transition enthalpy, AH', on PCP-concentration. Studies with oxonol dyes as probes of charge separation in membranes (21) and calcium channel blockers, specifically diltiazem and verapamil (23) , indicated that the calorimetric enthalpy of the gel-to-fluid transition of DMPC significantly decreased in their presence at the level of several mole percent.
In our model we used AH0 = 8.8 kcal/mol (26) . The fit of Eq. 13 to the experimental results would require that AH' decreases with the increasing concentration of PCP-, which itself would contradict the assumption that PCP-and DPPC form ideal solutions. To our knowledge there are no AH' data available for PCP--modified DPPC membranes; a detailed study of the thermotropic behavior of phospholipids modified by PCP-by highsensitivity differential scanning calorimetry is highly desirable.
We have found an acceptable fit (shown in Fig. 7 ) to the dependence of AT on PCP-concentration assuming that Uf = 0 and that the free energy of the gel phase increases in proportion to the mole fraction of adsorbed PCP-, viz.
The nonideal solution model (model 2), i.e., the combination of the adsorption model used for each phase to determine the mole fractions Xg, and X. (Eqs. 12) with Ug given by Eq. 14, and AT by Eq. 11 is further used to predict the value of the gel-to-fluid phase transition temperature TS. 3 
Fluid fraction and transition width
The width of the c-potential transition associated with the conversion of the membrane from the gel into the fluid state in the presence of PCP was taken into account by using van't Hoff enthalpy, HVH (25, 26) . The degree of conversion ao, at a given temperature, T, is given by 1 1 R 1-ao T ToS AHVH a) (15) The fluid fraction a obtained from Eq. 15 is consequently used in the adsorption model from which the theoretical value of 4-potential is determined.
We found rather small differences in the predicted (Fig. 2, solid curve) , and (b) the temperature dependence of c-potential for different PCP-concentrations (Fig. 5, broken curves) .
Esin-Markov coefficient of the transition region
Within the central portion of the anomalous adsorption isotherm the magnitude of the (-potential changes rapidly with the concentration of PCP-as the membrane converts from the weakly adsorbing gel phase into the highly adsorbing fluid phase. The steepness of the membrane potential change with the concentration of adsorbing ions can be measured in terms of the EsinMarkov coefficient, dV/d(log [A-]t,,) which for the nerstian distribution has a value of 2.3 kTIe. The EsinMarkov coefficient has been used to measure the effects due to the discreteness of charge (27) . In the present case it is used to measure the rapid change of the c-potential, or the membrane surface potential, caused not by the discrete charge effect but due to the rapid change of membrane adsorption of ions on the transition from the gel to the fluid phase. In the present case the value of the Esin-Markov coefficient depends upon: (a) the difference of c-potential isotherms in the fluid and gel states and (b) the width of the c-potential transition, and thus upon the value of van't Hoff enthalpy. In Fig. 8 -' -0.5 There is active interest in understanding the formation and properties of membrane domains because it is likely that domains determine the topology of biological membranes and that enzymatic activity of membrane proteins is regulated by the physical properties of lipid domains. Membrane studies using direct visualization of membrane domains (28, 29) , fluorescence recovery methods (30, 31) , quick freeze techniques coupled with differential scanning calorimetry (32) , and scanning tunneling microscopy (33) provide information on the existence and properties of domains in model lipid membranes and biomembranes. The anomalous c-potential isotherms found for PCP-, TPhB-, and DPA-can be understood in terms of the coexistence of domains with different adsorption properties.4 4It was pointed out by one of the reviewers that if the gel phase is rippled, it is expected to exhibit both the solid and fluid characteristics. The fluid regions are contained in the apices, and the solid regions along the edges of ripples. We expect that due to the greater affinity of the adsorbing ions for the disordered regions of the membrane, the fluid domains originate and grow from the apical regions of the rippled bilayer. This work directly demonstrates isothermally driven gel-to-fluid phase transition of lipids by an uncoupler and environmental pollutant, PCP. The anomalous t-potential and consequently the anomalous adsorption isotherms of PCP-and DPPC membranes can be understood in terms of a two-phase adsorption model based on the following: Langmuir-Stern-Grahame adsorption isotherms for each phase, PCP-induced shifts of the phase transition temperature, and the coexistence of gel and fluid domains with adsorption properties characteristic specific for each phase. The results presented here provide additional insight into action of PCP in the lipid matrix of mitochondrial membranes: (a) PCP-is expected to adsorb preferably into the disordered regions of the bilayer with a low density of negative charge, (b) due to this preferential adsorption it is expected that protonophoretic and therefore uncoupling activity of PCP will predominate in the less ordered regions of the lipid matrix. These regions will act as local sinks for protons generated by the proton pumps. The domains of disordered lipids, due to the adsorbed PCP-, will also acquire greater negative charge and create localized patches with higher proton concentration at the membrane surface. (c) PCP-decreases the free energy of disordered lipids relative to that of the ordered lipids. It is therefore expected that PCP-contributes to stabilization of disordered regions in the biomembranes and in the lateral redistribution of membrane components.
